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Recruitment of polymorphonuclear leukocytes
(PMNs) into the lungs in response to inhaled patho-
gens is initiated by epithelial signaling, the activation
of toll-like receptors (TLRs), and the production of
the chemokine interleukin-8. To reach the site of
infection, PMNsmust bemobilized through epithelial
junctions. Here, we demonstrate that Ca2+ fluxes
generated by TLR2 signals activate calpains, Ca2+-
dependent cysteine proteases. These activated cal-
pains cleave the transmembrane junctional proteins
occludin and E-cadherinwithout breaching the integ-
rity of the epithelial barrier. Calpain inhibitors
decrease PMN transepithelial migration in response
to TLR2 agonists both in vitro and in a mouse model
of P. aeruginosa infection. Thus, TLR2 signaling in
the airway not only induces chemokine expression
to recruit PMNs, but also initiates cleavage of junc-
tional proteins to accommodate transmigration of
the recruited PMNs.
INTRODUCTION
Airway epithelial cells are an important component of the
mucosal immune system, providing both signaling and barrier
function to protect the lungs from inhaled pathogens. All of the
toll-like receptors (TLRs) are expressed by airway cells (Muir
et al., 2004) and can participate in pathogen recognition. TLR2
is displayed on the exposed, apical surface of airway epithelial
cells and is broadly responsive to PAMPS (pathogen-associated
molecular patterns) from clinically important respiratory patho-
gens, including the Gram-negative opportunist Pseudomonas
aeruginosa. TLR2 signaling results in epithelial production of
the cytokine GM-CSF and the chemokine interleukin-8 (IL-8),
which are important in recruiting and activating polymorphonu-
clear leukocytes (PMNs). For these phagocytes in the blood-
stream to reach bacteria in the airway lumen, they must migrate
across both the endothelial barrier and the epithelial barrier,
which are normally tightly apposed via adherens and tight junc-
tion (TJ) proteins (Wagner and Roth, 2000).
The cascade of adhesive, stimulatory, and guidance factors
involved in PMN extravasation across endothelial cells andCelsubsequent migration within the interstitial space has been
studied in some detail (Burns et al., 2003). In comparison, less
is known about the transepithelial migration of PMNs. Since
the major function of the epithelial TJs is to create a barrier to
maintain sterility in the lung, they are more substantial and ten
times less leaky than endothelial junctions (Burns et al., 2003).
Disruption of the TJ in the presence of infection in the airway
lumen could facilitate bacterial invasion and disseminate infec-
tion. Exactly how PMNs are able to squeeze between respiratory
epithelial cells without breaching the barrier provided by TJs is
not well understood, yet is critically important in controlling
inflammation in the airway, which, if excessive, blocks air
exchange and causes respiratory failure.
TJs are maintained through a complex network of interacting
proteins of several different types (Harhaj and Antonetti, 2004).
Some of the junctional complex proteins, such as occludin and
E-cadherin, span the plasma membrane and associate through
homotypic interactions with corresponding domains on adjacent
cells (Feldman et al., 2005; Mege et al., 2006). Occludin, one of
the first TJ proteins to be identified, has two extracellular loops
linking adjacent cells. These extracellular domains are proposed
to affect PMN migration between endothelial cells (Feldman
et al., 2005). In response to various signals, such as mitogen-
activated protein kinases (MAPKs) and oxidative stress, occludin
undergoes endocytosis through a caveolin-1-mediated process
(Shen and Turner, 2005). Although not essential to maintain the
TJ (Saitou et al., 2000; Schulzke et al., 2005), occludin is thought
to have a critical regulatory function in that it interacts with
several other junctional proteins, including ZO-1 and, indirectly,
actin and the cytoskeleton (Muller et al., 2005).
E-cadherin is also critical for maintenance of the epithelial
barrier and spans the paracellular space through five extracellular
domains (Bryant and Stow, 2004). In response to various stimuli,
E-cadherin undergoes endocytosis as part of the dynamic
process of membrane homeostasis (Bryant and Stow, 2004;
Mege et al., 2006). The distribution of these junctional proteins
could be altered to facilitate phagocyte recruitment across the
epithelium as part of the epithelial response to bacterial stimuli.
Accumulation of PMNs into the airway lumen occurs very rapidly
followingbacterial exposure (Reutershanetal., 2005;Wagner and
Roth, 2000), suggesting that changes in the permeability charac-
teristics of the paracellular junctions are an immediate conse-
quence of the epithelial proinflammatory signaling cascade.
TLR2 functions as an epithelial receptor, responding to
components of bacterial pathogens in the airway lumenl Host & Microbe 5, 47–58, January 22, 2009 ª2009 Elsevier Inc. 47
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2004). In response to ligands, TLR2 is actively mobilized to the
apical surface of the airway cell, where it is phosphorylated by
c-Src; recruits PI3K and PLCg, thereby releasing Ca2+ from intra-
cellular stores; and stimulates MAPK activity and NF-kB translo-
cation to initiate chemokine and cytokine expression (Chun and
Prince, 2006). We reasoned that the signaling cascade that initi-
ates chemokine expression must also include a mechanism to
facilitate PMN mobilization across the epithelial barrier. In endo-
thelial cells, Ca2+ signaling was shown to promote transendothe-
lial migration of PMNs by opening their intercellular junctions
(Huang et al., 1993). The Ca2+ flux was not required for PMN
adhesion, but was required for PMN migration across human
umbilical vein endothelial cell (HUVEC) monolayers (Huang
et al., 1993). The exact mechanism of Ca2+-dependent PMN
migration, however, remains to be examined. As Ca2+ functions
as a second messenger, we postulated that Ca2+-dependent
proteases are involved in modulating junctional proteins to
accommodate PMN transmigration to the airway lumen. Calpain
1 (m-calpain) and calpain 2 (m-calpain) are Ca2+-dependent
cysteine proteases that target cytoskeletal proteins in a number
of cell types, including the lung. They are known to be involved in
cellular motility, apoptosis, and inflammation (Fettucciari et al.,
2006; Goll et al., 2003). In the experiments described in this
report, we demonstrate that Ca2+ fluxes initiated by TLR2
signaling activate calpains, which cleave both occludin and
E-cadherin to promote recruitment of PMNs into the airway.
RESULTS
Bacterial Stimulation Alters Epithelial Cell Junctions
Most of the organisms that cause pneumonia, especially oppor-
tunists such as P. aeruginosa, gain access to the lung by inhala-
tion and are first encountered by the mucosal epithelium. To
determine how the initial exposure to bacteria affects the ‘‘tight-
ness’’ of the epithelial barrier, we used biotin detected with Alexa
Fluor 555-conjugated streptavidin to outline the exposed
surfaces of polarized airway epithelial monolayers and followed
its ability to intercalate into the paracellular spaces following
bacterial challenge or exposure to a TLR2 agonist (Guttman
et al., 2006). In control monolayers, biotin (red) was limited to
the most apical surfaces of the monolayer and failed to interca-
late between cells (Figure 1). In contrast, exposure to heat-killed
P. aeruginosa PAO1, to Pam3Cys-Ser-Lys4 (P3C, a TLR2
agonist), or to thapsigargin (a sarcoplasmic/endoplasmic retic-
ulum Ca2+ ATPase [SERCA] pump inhibitor that stimulates
release of Ca2+ from intracellular stores) resulted in the penetra-
tion of biotin (red) between the cells in a polarized monolayer,
both in z-sections and in images obtained from planes below
the top of the monolayers (Figure 1).
P. aeruginosa Stimulates the Redistribution of Occludin
and E-Cadherin without Loss of Barrier Function
To demonstrate that TLR2 or Ca2+ signals induce changes in
epithelial junctions, the distribution of the membrane-spanning
junctional proteins occludin and E-cadherin were imaged. The
expected ‘‘chicken wire’’ distribution of both occludin and
E-cadherin (Figure 2A) was substantially altered following 6 hr
exposure of airway cells to P. aeruginosa PAO1 or P3C. Yet48 Cell Host & Microbe 5, 47–58, January 22, 2009 ª2009 Elsevier Idespite loss of occludin and E-cadherin at the cell borders, there
was no concomitant decrease in the transepithelial resistance
measured across the monolayers over this time period, nor
was there an increase in permeability to fluorescent dextran or
to bacteria across the paracellular space, indicating that the
barrier function of the monolayer remained intact (Figure S1).
Occludin and E-Cadherin Are Targets for Calpain
Proteolysis
Occludin and E-cadherin are both substrates for proteases
known to be responsible for their dissociation from the cell junc-
tions (Bojarski et al., 2004; Rios-Doria et al., 2003; Zhu et al.,
2006). Among the many cellular proteases that could target
these proteins, we focused on the Ca2+-dependent calpains,
postulating that the TLR2-induced Ca2+-flux would initiate
activity. In an in vitro experiment, exogenous calpain activated
by the addition of Ca2+ degraded occludin and E-cadherin, but
not claudin-1 or JAM-1 (Figure 2B), indicating that calpains
target specific junctional proteins. Autolysis of calpain is readily
detectable in the presence of Ca2+ and confirms calpain activa-
tion in vitro (Figure 2B).
Calpain Is Activated by TLR2 Signaling
Calpains 1 and 2 as well as the endogenous inhibitor calpastatin
are present in human airway cells, and transcription of calpain 2
is increased following epithelial stimulation by either bacteria or
P3C (Figure S2). To test whether calpain is activated in response
to TLR2 signaling, 1HAEo- cells and human small airway epithe-
lial cells in primary culture (SAECs) were loaded with a cell-
permeable fluorogenic calpain substrate. 1HAEo- cells and
SAECswere selected because they have lower background fluo-
rescence compared to 16HBE cells. Calpain activity in 1HAEo-
cells and SAECs was significantly increased following bacterial
or P3C exposure (Figure 3A) and was inhibited in the presence
of calpeptin, a selective calpain inhibitor (Figure 3B). Calpain
activity was dependent upon TLR2 signaling and was not
increased by bacterial stimulation of cells expressing TLR2
siRNA, as compared with a scrambled siRNA control (Figure 3C).
The TLR2 ligand P3C by itself was sufficient to activate calpain,
and the presence of its receptor was necessary for bacterial acti-
vation of the protease.
Calpain-Mediated Cleavage of Occludin Is Activated
by Bacterial Ligands
Having observed that calpain targets occludin in vitro, and that
bacterial stimulation induces the redistribution of occludin and
the activation of endogenous calpain, it seemed likely that occlu-
din is a calpain substrate in airway cells. Calpain was found
throughout the cytoplasm in confocal images of unstimulated
airway cells, whereas occludin was concentrated at the plasma
membrane (Figure 4A). By 1 hr after bacterial or P3C exposure,
calpain assumed a peripheral distribution colocalizing with
membrane-associated occludin, visualized in confocal images
(Figure 4A). Immunoprecipitation experiments further confirmed
this interaction and also demonstrated that both calpain 1 and
calpain 2 associate with occludin (Figure 4B). The association
of occludin and calpain after 1 and 4 hr stimulation with
P. aeruginosa PAO1 corresponded to a loss of the 80 kD hyper-
phosphorylated form of occludin and subsequent appearance ofnc.
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Calpain Modulates JunctionsFigure 1. Epithelial Cell Junctions Are Affected by Bacterial Stimulation
(A–D) Polarized 16HBE cells were incubated for 4 hr with media (A), heat-killed PAO1 (B), P3C (C), or thapsigargin (D). Cells were incubated with biotin detected
with Alexa Fluor 555-conjugated streptavidin (red) and stained for ZO-1 (green). Apical to basolateral x-y scans are shown with corresponding z-sections above.
Data are representative of at least three separate experiments.a 45 kD occludin cleavage fragment, predicted from studies of
occludin processing in other model systems (Figure 4C) (Wan
et al., 2000; Wu et al., 2000). This result was also confirmed in
human SAECs (data not shown). Generation of the occludin
cleavage product was substantially decreased in cells unable
to activate TLR2 signaling, expressing a dominant-negative
TLR2 mutation lacking the tyrosine residues necessary for
TLR2 phosphorylation (Figure 4D) (Chun and Prince, 2006); or
in cells treated with an intracellular Ca2+ chelator BAPTA/AM
(Figure 4E). Neither the general matrix metalloproteinase inhib-
itor GM6001 nor the caspase inhibitor Z-DEVD-FMK blocked
generation of the occludin cleavage product, in contrast to the
calpain inhibitor ALLN (Figure 4F). To further confirm the role of
calpain in occludin cleavage, calpain 1 and 2 expressions were
silenced by siRNA. The occludin cleavage product was detected
in cells expressing scrambled oligos in response to P3C stimula-
tion, but not in cells expressing both calpain 1 and 2 siRNA
(Figure 4G). Knockdown of calpain 1 or calpain 2 individually
was not sufficient to block occludin cleavage in response to
P3C stimulation (data not shown).
To locate where calpain cleaves occludin, a series of mapping
experiments were done. Since the 45 kD cleavage fragment of
occludin was immunoprecipitated and immunoblotted using
an antibody that recognizes the intracellular C-terminal tail of oc-
cludin, we speculated that the calpain cleaves at the intracellularCelN-terminal tail of occludin. To further map exactly where calpain
cleaves occludin, we took advantage of occludin constructs with
N-terminal RFP (RFP Occ) (Shen and Turner, 2005) and
C-terminal myc6 (Occ myc6) labels (Bojarski et al., 2004). By bi-
otinylating 1HAEo- cells expressing these labeled occludins and
performing immunoblots on neutravidin precipitates with anti-
RFP and anti-myc antibodies, we were able to identify the region
of occludin targeted by calpain at the cell surface. Occ myc6 is
a 66 kD protein that generates a 51 kD myc-tagged fragment
in heat-killed PAO1-treated cells (Figure 4H). The generation of
this tagged fragment suggests that the cleavage site is in the
region of the intracellular N-terminal domain, which is illustrated
in Figure 4H. Expression of the N-terminal RFP-tagged occludin
in airway cells results in a 88 kD product that does not generate
an RFP-tagged fragment, indicating that the RFP label has been
cleaved and is not detectable at the cell surface (Figure 4H).
These studies are consistent with calpain targeting the
N-terminal portion of occludin.
Calpain-Mediated Cleavage of E-Cadherin
To determine if calpain similarly targets E-cadherin, confocal
imaging and coimmunoprecipitation experiments were per-
formed. E-cadherin was predominantly membrane associated
in unstimulated airway cells (Figure 5A). Calpain was mobilized
to the membrane, colocalizing with E-cadherin followingl Host & Microbe 5, 47–58, January 22, 2009 ª2009 Elsevier Inc. 49
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with thapsigargin to generate the release of Ca2+ from intracel-
lular stores also induced mobilization and colocalization of
calpain with E-cadherin (Figure 5A). The association of calpain
and E-cadherin was further confirmed by immunoprecipitation
(Figure 5B), and calpain activity was demonstrated by the gener-
ation of a 100 kD E-cadherin cleavage product in thapsigargin-,
bacterial, or P3C-treated airway cells, which was substantially
decreased in cells treated with the calpain inhibitor calpeptin
(Figures 5C and 5D). Thus, calpain activity induced by bacteria
or by intracellular Ca2+ fluxes results in E-cadherin cleavage.
Calpain Activation Facilitates PMN Transmigration
and Pulmonary Inflammation
As a major function of TLR2 signaling is stimulating chemokine
expression and PMN recruitment, we postulated that calpain-
modified junctional proteins must facilitate migration of PMNs
across the epithelial barrier. To demonstrate the role of calpain
in PMN transmigration from the basal to the apical surface of
polarized human airway epithelial cells, monolayers were stimu-
lated with heat-killed P. aeruginosa PAO1 or P3C in the presence
of the calpain inhibitor calpeptin, and PMN migration was moni-
tored by measuring myeloperoxidase activity in the apical
compartment. Both heat-killed P. aeruginosa PAO1-induced
(p < 0.001) and P3C-induced (p < 0.05) PMN transmigrations
were significantly inhibited in airway cells treated with calpeptin
(Figure 6A). Calpeptin did not directly inhibit migration of PMNs
across a porous Transwell (without epithelial cells) in response
Figure 2. Occludin and E-Cadherin Are
Targets for Calpain Cleavage
(A) Distribution of occludin (red) and E-cadherin
(green) is altered following 6 hr incubation with
media, heat-killed PAO1, or P3C. Cells were
stained with DAPI (blue). Data are representative
of at least three separate experiments.
(B) In the presence of 20 mM CaCl2, 1 mg of exog-
enous human calpain 1 cleaved occludin; and
E-cadherin, but not JAM-1 or claudin-1, immuno-
precipitated from 1HAEo- cell lysates. The exoge-
nous calpain 1 in these reactions is autolysed upon
activation in the presence of Ca2+. * indicates
shorter exposure time on the three right bands
compared to the three left bands. Data are repre-
sentative of at least three separate experiments.
to live P. aeruginosa PAO1, heat-killed
PAO1, or the chemoattractant fMLP (Fig-
ure 6B), nor did calpeptin inhibit the
activity ofmyeloperoxidase or the produc-
tion of myeloperoxidase by PMNs (Fig-
ures S3A and S3B).
The biological importance of TLR2-
induced calpain activity was tested in
both neonatal and adult murine models
of infection. In 7-day-old C57BL/6 pups,
intraperitoneal (i.p.) calpeptin treatment
resulted in 31% fewer PMNs recruited
into the lung (p < 0.05; Figure 7A) 4 hr
following intranasal P. aeruginosa inoculation as compared to
vehicle-treated mice (Figure 7A). Significantly fewer PMNs
(p < 0.01; Figure 7A) were mobilized into the lungs in tlr2/
mice in response to infection as compared with wild-type (WT)
infected mice, a response equivalent to that of the calpeptin-
treated mice. PMN recruitment in the tlr2/ animals was not
further diminished by calpain inhibition, consistentwith a require-
ment for TLR2 signaling to activate calpain. Calpain-dependent
cleavage of junctional proteins in vivo was verified in whole-
lung lysates where occludin and E-cadherin cleavage products
were present in infected WT mice, but not in uninfected controls
and substantially decreased in calpeptin-treated animals
(Figure 7B).
To test the effects of calpain inhibition on the transmigration of
PMNs into P. aeruginosa-infected airways, bronchoalveolar
lavage (BAL) experiments were performed on adult C57BL/6
mice. Mice were treated with i.p. calpeptin or vehicle and intra-
nasally infected with P. aeruginosa for 2 hr. PMNs from BAL or
whole-lung suspension were quantified by flow cytometry.
Compared to vehicle-treated controls, calpeptin-treated mice
had 37% fewer PMNs recruited into the whole lung and 90%
fewer into the airway lumen, suggesting a more pronounced
effect on the epithelial junctions (Figure 7C). Calpeptin treatment
did not affect the bacterial load or CXCL1 (KC) levels in the lung
at this time point (Figures 7D and 7E). Thus, recruitment of
PMNs into the murine lung and airway lumen in response to
P. aeruginosa is facilitated by calpain activity and especially its
effects on junctional proteins at the mucosal surface.
50 Cell Host & Microbe 5, 47–58, January 22, 2009 ª2009 Elsevier Inc.
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Calpain Modulates JunctionsFigure 3. TLR2-Mediated Activation of Calpain
(A–B) 1HAEo- cells (A) or human SAECs (B) were loaded with the fluorogenic calpain substrate, t-BOC-Leu-Met, and incubated with heat-killed PAO1 or P3C in
the presence of 20 mM calpeptin or DMSO vehicle control at the indicated times.
(C) 1HAEo- cells expressing scrambled or TLR2 siRNA were stimulated with heat-killed PAO1 at the indicated times. The fluorescence was quantified with ex
360 nm, em 465 nm, and baseline fluorescence was subtracted. Data represent the mean ± SD of quadruplicate samples and are representative of three
independent experiments. (* p < 0.05 compared with media alone controls; Student’s t test.)DISCUSSION
Mucosal epithelial cells initiate the host response to inhaled
pathogens through chemokine and cytokine production, which
recruit PMNs into the airway lumen to eradicate the infecting
bacteria. The TLRs are critical in the host defenses against
pulmonary infection and P. aeruginosa infection specifically
(Skerrett et al., 2004). The data presented herein indicate that
TLR2 signaling also initiates the efferent limb of the inflammatory
pathway by affecting changes in epithelial junctions to accom-
modate PMN egress into the airways. TLR2 is especially impor-
tant in the airway; it is apically displayed on airway cells and
broadly responsive to diverse bacterial ligands, including lipo-
proteins, cell wall components, and pili, through its association
with lipid coreceptors (Soong et al., 2004). While TLR2 is not
the only TLR involved in sensing luminal pathogens, it appears
to be especially important in the initial stages of the innate
immune response. An immediate consequence of TLR2 activa-
tion is a rapid local generation of Ca2+ fluxes, which are both
sufficient and necessary to evoke the distal proinflammatory
signaling cascade, NF-kB activation, and IL-8 production
(Chun and Prince, 2006). We propose that this TLR2-mediated
Ca2+ release also promotes PMN transepithelial migration into
the airway lumen.CellAlthough extensive work has focused on understanding the
migration of PMNs across endothelial cells, the mechanisms
involved in PMNmigration across epithelial cells remain unclear.
The major PMN chemokine, IL-8, was shown to recruit PMNs
from the bloodstream to the basolateral surface of airway epithe-
lial cells but was not involved in further mediating PMN transmi-
gration into the airway lumen (Hurley et al., 2004). In this regard,
the secretion of an arachidonic acid metabolite, hepoxilin A3, by
airway epithelial cells has been proposed to direct PMN migra-
tion across airway epithelial cells (Hurley et al., 2004). Although
guided by chemokines and chemoattractants, PMNs still need
to migrate across a complex network of tight and adherens junc-
tion proteins. We demonstrate a dramatic loss in occludin and
E-cadherin localization at the membrane in response to P3C
and PAO1. Interestingly, there are no changes in transepithelial
resistance, dextran permeability, or bacterial invasion, suggest-
ing that these modifications to the junctions are subtle but suffi-
cient to facilitate PMN transmigration. A qualitative change in the
junction in response to P3C, PAO1, and thapsigargin is demon-
strated by the increase in accessibility of the junctions to biotin,
a 443 Da molecule. Much of what is known about PMN transepi-
thelial migration comes from studies using intestinal epithelial
cells, which suggest that focal disruption of epithelial TJs facili-
tates PMN egress (Burns et al., 2003). Consistent with thisHost & Microbe 5, 47–58, January 22, 2009 ª2009 Elsevier Inc. 51
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Calpain Modulates JunctionsFigure 4. Occludin Is a Calpain Substrate
(A) Colocalization of calpain (green) and occludin (red) in polarized 16HBE cells following 1 hr stimulation with heat-killed PAO1 or P3C is shown in xy and xz
sections. The adjacent panel shows an enlargement of the white boxed area of the xy image.
(B) Immunoprecipitation of occludin from 1HAEo- cells following stimulation with heat-killed PAO1 or P3C and detection of occludin, pan-calpain, calpain 1, and
calpain 2 by immunoblot. Data are representative of at least three separate experiments.
(C) Immunoprecipitation of occludin from 1HAEo- cells following heat-killed PAO1 stimulation and detection of the 80 kD hyperphosphorylated form of occludin,
60 kD full-length form of occludin, and 45 kD cleavage fragment of occludin.
(D) Detection of occludin cleavage in 1HAEo- cells overexpressing TLR2 WT or TLR2 Y616A/Y761A (TLR2YY).
(E and F) Detection of occludin cleavage in cells treated with 6 mM BAPTA/AM, 20 mM ALLN, 20 mM GM6001, or 25 mM Z-DEVD-FMK.
(G) Detection of occludin cleavage in P3C-stimulated scrambled control or calpain 1 and 2 siRNA (CAPN 1 and 2)-expressing cells. Silencing of calpain 1 and 2
expressions in scrambled control and siRNA-expressing cells is shown in the adjacent panel.
(H) Neutravidin immunoprecipitation (IP) from biotinylated 1HAEo- cells that were transfected (Txf) with C-terminal myc6-tagged occludin (Occ myc6) or
N-terminal RFP-tagged occludin (RFP Occ) and incubated with media alone (M) or heat-killed PAO1 (PAO1) were immunoblotted (WB) with anti-myc or anti-
RFP antibodies. Cartoon illustrates the forms of occludin that correspond with the bands on the immunoblot. (Data are representative of at least three separate
experiments).model, we propose that TLR2-dependent Ca2+ fluxes signal the
activation of calpains, which subsequently target junction
proteins to promote PMN transepithelial migration.
Calpains are ubiquitously expressed Ca2+-dependent prote-
ases, usually activated by ATP- or PKC-induced Ca2+ fluxes in
the micromolar (m-calpain or calpain 1) or millimolar (m-calpain
or calpain 2) range (Goll et al., 2003). When membrane associ-
ated, this Ca2+ requirement is diminished to amore physiological
range (Shao et al., 2006), as occurs when calpains are mobilized
to the epithelial junctions. Calpains have been implicated in
a number of physiological processes through their effects on
integrins, platelet activity, and especially cell adhesion and
migration (Cuvelier et al., 2005; Franco and Huttenlocher,
2005; Kuchay and Chishti, 2007; Nuzzi et al., 2007). Calpains52 Cell Host & Microbe 5, 47–58, January 22, 2009 ª2009 Elsevier Intarget cytoskeletal proteins in migrating cells such as talin, ezrin,
and focal adhesion kinase (Franco and Huttenlocher, 2005) and
participate in cellular detachment and polarity during migration
(Franco and Huttenlocher, 2005; Nuzzi et al., 2007). EGFR and
ERK signaling also activate calpains in specific settings (Shao
et al., 2006). The involvement of calpain 2 in regulating the cyto-
skeletal architecture of the lung was reported over a decade ago
in cells exposed to phorbol esters (Dwyer-Nield et al., 1996). We
find a similar role for calpains in response to more physiological
stimuli, the generation of Ca2+ fluxes associated with TLR2 acti-
vation. Other known cytoskeletal targets of calpain, such as ezrin
or talin, may also be targeted in airway epithelial cells as a conse-
quence of TLR2 activity. The importance of proteases, especially
the matrix metalloproteinases, in inflammatory processes is wellc.
Cell Host & Microbe
Calpain Modulates JunctionsFigure 5. E-Cadherin Is a Calpain Substrate
(A) Colocalization of calpain (red) and E-cadherin (green) in polarized 16HBE cells following 1 hr stimulation with heat-killed PAO1, P3C, and thapsigargin (Thaps)
is shown in xy and xz sections. The adjacent panel shows an enlarged version of the xy merged image.
(B) Immunoprecipitation (IP) of E-cadherin from 1HAEo- cells incubated with media alone (M), thapsigargin, or heat-killed PAO1 and detection of E-cadherin and
calpain by immunoblot.
(C) Identification of the E-cadherin cleavage product in 1HAEo- cells following 4 hr stimulation with thapsigargin as compared with media (M) control.
(D) Detection of E-cadherin cleavage products in 1HAEo- cells following 4 hr stimulation with heat-killed PAO1 or P3C in the presence or absence of 20 mM
calpeptin. Data are representative of at least three separate experiments.established (Parks et al., 2004). MMP7 (matrix metalloproteinase
7) targets several epithelial components (Li et al., 2002),
including E-cadherin, and contributes to the shedding of its ec-
todomain and endocytosis (McGuire et al., 2003). MMP9 (matrix
metalloproteinase 9) facilitates translocation of PMNs from en-
dovascular spaces, causing MMP9/ mice to have defective
PMN trafficking in response to infection (Ichiyasu et al., 2004).
Occludin proteolysis is also reported to be a component of
PMN-dependent inflammation (Wachtel et al., 1999). However,
the observation that occludin proteolysis remains unaltered in
the MMP9/ mouse (Ichiyasu et al., 2004) indicated that addi-
tional protease(s) must target this TJ protein. The failure of
a general MMP inhibitor to block either occludin or E-cadherin
cleavage in airway cells, as we demonstrate, also suggests the
involvement of a different protease. While bacterial proteases
or toxins could affect epithelial junctions, the ability of heat-killed
organisms or the synthetic ligand P3C to induce modifications ofCelthe junctions indicates that epithelial, not bacterial, proteases
are sufficient.
Our data indicate that epithelial calpain has a major role in tar-
geting junctional proteins and facilitating PMN transmigration. In
both our in vitro and in vivo models of infection, inhibition of
epithelial calpain activity blocked the ability of PMNs to traverse
the epithelium. To document that this result was not due to inhi-
bition of PMNmovement, we demonstrate no effect of calpeptin
on PMN chemotaxis across porous Transwells. It has been
shown that constitutive calpain activity in resting PMNs blocks
their ability to migrate, and calpain inhibition was shown to
promote PMN movement by initiating MAPK and Rac GTPase
activation (Katsube et al., 2008; Lokuta et al., 2003). Thus,
epithelial calpain activity is independent from that of the PMN
itself.
The contribution of calpain activity in the epithelium seems
especially important in the egress of PMNs from the lung intol Host & Microbe 5, 47–58, January 22, 2009 ª2009 Elsevier Inc. 53
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appears to account for only 30%–40% of PMN recruitment
into the lung, calpain inhibition blocked the majority (90%) of
PMN mobilization into the airway lumen, demonstrating the
importance of calpain activity in PMN egress across the airway
epithelium. The remaining TLR2-independent signaling may be
due to the TLR5 ligand, flagella, which also activates Ca2+ fluxes
in airway cells (Ratner et al., 2001).
Occludin was one of the first components of TJs to be identi-
fied, but its precise role in maintaining or regulating the epithelial
barrier remains incompletely defined (Feldman et al., 2005). Oc-
cludin interacts with many components of the junctional
complex (Feldman et al., 2005), binds directly to the ZO-1 scaf-
fold (Muller et al., 2005), diffuses rapidly within the TJs at steady
state (Shen et al., 2008), and internalizes in response to various
stimuli (Yu and Turner, 2008). We observed a decrease in the
phosphorylated form of occludin, which is the predominant
form of occludin expressed at the TJs (Feldman et al., 2005).
The kinetics of this decrease coincided with the association of
occludin with calpain and the appearance of a 45 kD fragment
of occludin. We speculate that the phosphorylated 80 kD form
of occludin is the main target for calpain, as the levels of the non-
phosphorylated 60 kD form of occludin are unchanged in
response to stimulation. The occludin-null mouse has pleotropic
alterations in inflammatory responses (Saitou et al., 2000); para-
cellular permeability to specific compounds is affected, but
transepithelial resistance (TER) is maintained, and there is no
real defect in the TJ barrier (Yu et al., 2005). Loss of occludin
affects Rho GTPase activity and actin polymerization (Hopkins
Figure 6. PMN Transmigration across Airway Epithelial Mono-
layer Is Facilitated by Calpain
(A) The number of PMNs that have migrated into the apical compartment
of 16HBEmonolayers stimulated with heat-killed PAO1 or P3C in the pres-
ence or absence of calpeptin.
(B) The migration of 106 calcein-AM labeled PMNs across a Transwell in
response to 108 CFU/ml live PAO1, 108 CFU/ml HKPAO1, or 10 nM
fMLP was not affected by the presence of 20 mM calpeptin. Data are pre-
sented as number of PMNs multiplied by 104 and represent mean ± SD of
sextuplicate samples of one representative from three independent
experiments. (p < 0.05, p < 0.001; Student’s t test.)
et al., 2003; Shen and Turner, 2005). Our studies are consis-
tent with these observations and demonstrate displacement
of occludin from junctions in response to TLR2 signals
without defects in TER or permeability to dextrans. These
observations suggest that calpain-mediated processing of
occludin may interrupt interactions with cytoskeletal binding
partners and influence the ability of the cytoskeleton to
accommodate PMN transmigration without breaching the
integrity of the epithelial barrier. Our data also suggest that
calpain targets the N-terminal intracellular domain of occlu-
din. This is consistent with previous studies, which demon-
strate that occludin mutations in the N-terminal cytoplasmic
domains increase PMN migration across MDCK cells,
whereas deletion of the C-terminal cytoplasmic domain did
not have an effect (Huber et al., 2000). Furthermore, expres-
sion of an occludin N-terminal truncation mutant was shown
to decrease barrier function in murine epithelial cells (Bamforth
et al., 1999), consistent with our mapping data.
E-cadherin is a known calpain substrate with calpain cleavage
sites on its cytoplasmic tail between residues 782 and 787
(Rios-Doria et al., 2003). The 100 kD truncated forms of E-cad-
herin generated by epithelial calpain in airway cells have been
reported previously in other model systems (Rios-Doria and
Day, 2005). E-cadherin processing can be accomplished by
a number of proteases (D’Souza-Schorey, 2005) and is an
important component of constitutive E-cadherin endocytosis
and recycling (Bryant et al., 2007; Bryant and Stow, 2004). There
are numerous cadherin-binding partners in the junctional
complex, and an extensive literature details these interactions
and effects on endothelial permeability (Mehta and Malik,
2006). E-cadherin associates directly with b-catenins and hence
to actin and the cytoskeleton (Mehta and Malik, 2006). Mutant
VE-cadherin lacking the extracellular domain results in impaired
PMN migration in response to chemotactic stimuli (Orrington-
Myers et al., 2006). Interactions of cadherins and the small
GTPases that regulate actin polymerization affect paracellular
permeability in endothelial cells (Hordijk, 2003). Calpain-medi-
ated cleavage of epithelial E-cadherin, along with occludin,
may ultimately affect the deformability of the cytoskeleton to
enable the paracellular junction to accommodate migrating
PMNs.
While TLR2 is not usually considered the major innate immune
effector for Gram-negative organisms, at least for P. aeruginosa,
TLR2 activation in the airway epithelium coordinates both the
afferent and efferent limbs of the initial inflammatory response.
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Calpain Modulates JunctionsNot only does the airway epithelial cell produce IL-8 to direct
PMN recruitment, the same signaling cascade modulates the
TJ to accommodate PMNegresswithout breaching the epithelial
barrier. This pathway may provide a useful pharmacologic target
in pulmonary infection to selectively limit PMN recruitment into
the lung without entirely compromising host defenses to bacte-
rial infection.
EXPERIMENTAL PROCEDURES
Cell Lines and Bacteria
1HAEo- and 16HBE cells (D. Gruenert, California Pacific Medical Center
Research Institute, San Francisco, CA), were grown as previously detailed
(Ratner et al., 2001). Human SAECs were obtained from Lonza/Clonetics
and grown as directed. Cell lines expressing TLR2 WT, TLR2 Y616A/Y761A
(TLR2 YY) mutant, or TLR2 siRNA were generated as previously described
(Chun and Prince, 2006). pCS2+MT h Occludin (C-terminal myc6-tagged
occludin) was provided by Doctor Otmar Huber (Charite Universita, Berlin),
and pmRFP1-h Occludin (N-terminal-tagged RFP occludin) was provided by
Doctor Jerrold Turner (University of Chicago, Chicago, IL). 1HAEo- cells
were transiently transfected with pCS2+MT hOccludin or pmRFP1-h Occludin
using an Amaxa Nucleofector, following manufacturer’s instructions.
P. aeruginosa PAO1 resuspended in minimum essential media (MEM) at
a density of 108 CFU/ml was heat killed by incubating at 60C for 1 hr.
Confocal Microscopy
16HBE cells were grown on 3 mm pore-size Transwell-Clear filters (Corning-
Costar) with an air-liquid interface to form polarized monolayers. For confocal
imaging, cells were fixed with 4% paraformaldehyde, blocked with 5% normal
donkey serum, and incubated at 4C overnight with the polyclonal pan-calpain
(Santa Cruz Biotechnology), monoclonal occludin (Invitrogen/Zymed), and/or
monoclonal E-cadherin (BD Pharmingen) antibodies. Alexa Fluor 594-
conjugated and Alexa Fluor 488-conjugated secondary antibodies (Invitro-
gen/Molecular Probes) were added at room temperature for 1 hr. After
washing, filters were removed from Transwells using a scalpel, mounted
with Vectashield with DAPI (Vector Laboratories) onto glass slides, and imaged
using a Zeiss LSM 510 META scanning confocal microscope. For biotin
labeling experiments, 1 mg/ml EZ-Link Sulfo-NHS-LC-Biotin (Thermo Scien-
tific) was added apically for 30 min at 4C before fixing the cells. Alexa Fluor
555-conjugated streptavidin (Molecular Probes) was added for detection of
biotin (Guttman et al., 2006).
Figure 7. Calpain Activity Contributes to PMN Recruitment in Response to P. aeruginosa Infection
(A–C) The percentage of PMNs in a single cell suspension of lung was quantified in WT or tlr2/ pups treated with i.p. calpeptin or vehicle (Un) and intranasally
inoculated with 108 CFU PAO1 or PBS (A). Lung suspensions from representative mice in (A) were immunoblotted for occludin and E-cadherin cleavage products
(B). Adult WT mice treated with i.p. calpeptin or vehicle (Un) were intranasally inoculated with 109 CFU PAO1 or PBS for 2 hr, and BAL and lung cell suspensions
were obtained and absolute numbers of PMNs enumerated by flow cytometry (C). For (A) and (C), individual mouse values are shown, and the short horizontal
lines indicate the median values of each group. (* p < 0.05, ** p < 0.01 compared with WT PAO1 infected mice; nonparametric Mann-Whitney test.)
(D) Bacterial counts, in CFU/ml, were determined from whole-lung suspension.
(E) KC mRNA expression was quantified from lung suspensions and KC protein levels determined from BAL.
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Occludin, E-cadherin, JAM-1, and claudin-1 were immunoprecipitated as
described below. Immunoprecipitations were washed using a high-salt wash
buffer (500 mM NaCl, 50 mM Tris, and 1% NP40) and resuspended in 100 ml
of calpain assay buffer (100 mM HEPES, pH 8.0; 50 mM NaCl; 10 mM
EGTA; and 0.1% Triton X-100). One microgram of exogenous calpain 1 (Cal-
biochem) was added to 7 ml of the IP reaction and incubated with 20 mM
CaCl2 for 0, 0.5, 1, or 2 min at room temperature. An equivalent volume of cal-
pain assay buffer was added to reactions that did not receive CaCl2. The reac-
tion was terminated by adding 2X Laemmli buffer containing 10 mM ALLN,
resolved on a gradient protein gel, and analyzed by immunoblot using anti-
occludin, anti-JAM-1, and anti-claudin-1 antibodies (Zymed); anti-calpain
antibody (Santa Cruz Biotechnologies); or a monoclonal anti-E-cadherin anti-
body (BD Pharmingen).
Calpain Activity Assay
Confluent monolayers of 1HAEo- cells or SAECs were loaded with 20 mM
t-BOC-L-leucyl-L methionine amide (t-BOC-Leu-Met), a calpain-specific
membrane-permeable fluorogenic substrate. Cells were stimulated with
heat-killed PAO1 (108 CFU/ml) or P3C (15 mg/ml), and fluorescence was quan-
tified at ex 360 nm and em 465 nmwith a Spectrafluor Plus fluorimeter (Tecan).
For the indicated experiments, cells were preincubated and stimulated in the
presence of 20 mM calpeptin and compared with DMSO vehicle control.
Immunoprecipitation and Immunoblotting
1HAEo- cells or SAECs were grown to confluence on 10 cm plates and stim-
ulated with heat-killed PAO1 (108 CFU/ml) or P3C (15 mg/ml). After stimulation,
cells were lysed using 60 mM n-octyl-b-D-glucopyranoside (OGP) in TBS
(0.1 M Tris-HCl and 0.15 M NaCl, pH 7.8) containing Complete Mini Protease
Inhibitor Tablets (Roche), 100 mM ALLN, 1 mM sodium orthovanadate, and
100 mM sodium fluoride. To detect phosphorylated occludin, higher concen-
trations of phosphatase inhibitors, 2 mM sodium orthovanadate and 200 mM
sodium fluoride, were added to the lysis buffer. Monoclonal anti-E-cadherin
(BD Pharmingen), polyclonal anti-pan calpain (Santa Cruz Biotechnologies),
or monoclonal (mouse) anti-occludin (Invitrogen/Zymed) antibodies were
used for immunoprecipitations, followed by the addition of Protein G Agarose
beads (Invitrogen) (Chun and Prince, 2006). For biotin labeling experiments,
1 mg/ml EZ-Link Sulfo-NHS-LC-Biotin was added for 30 min at 4C before
OGP cell lysis. NeutrAvidin Agarose Resin (Thermo Scientific) was used for
biotin immunoprecipitations according to manufacturer’s instructions. Immu-
nodetection was performed using amonoclonal anti-E-cadherin antibody from
BD Pharmingen; a polyclonal (rabbit) anti-occludin antibody from Invitrogen;
anti-RFP (conjugated to HRP) and anti-myc (conjugated to HRP) antibodies
from Abcam; and anti-pan calpain, anti-calpain 1, and anti-calpain 2 anti-
bodies from Santa Cruz Biotechnology.
Calpain siRNA
1HAEo- cells were transiently transfected with scrambled (control) or calpain 1
and 2 siRNA SMARTpool oligos (Dharmacon). Transfection was carried out
using an Amaxa Nucleofector following manufacturer’s instructions. Briefly,
106 1HAEo- cells were electroporated in 100 ml Buffer L with 1.5 mg of scram-
bled or siRNA oligo and transferred into prewarmed 6-well tissue culture
dishes. Cells were incubated at 37C, 5% CO2 for 48 hr before performing
experiments.
Neutrophil Isolation and Migration Assays
Human PMNs were isolated according to standard techniques from venous
blood from healthy consenting adults in accordance with a protocol approved
by the Institutional Review Board of Human Subjects at Columbia University
(IRB-AAAC5450). PMNs were isolated using dextran sedimentation and Hypa-
que-Ficoll (Sigma) density-gradient separation following hypotonic lysis of
erythrocytes, as previously described (Boyum, 1968). Purified PMNs were
counted on a hemocytometer and incubated in DMEM to a concentration of
107 cells/ml. Migration assays were performed across 16HBE monolayers
plated on the underside of 3 mm Transwells that were coated with MEM con-
taining 0.01 mg/ml fibronectin, 0.03 mg/ml bovine collagen type I, and
0.1 mg/ml BSA. After allowing the cells to adhere overnight, Transwells were56 Cell Host & Microbe 5, 47–58, January 22, 2009 ª2009 Elsevierflipped over and inserted into 24-well plates. Five hundred microliters of
media was added to the lower chamber (apical surface of the cell), and
100 ml of media was added to the Transwell (basolateral surface of the cell).
When the cells became confluent, they were polarized with an air liquid inter-
face for 5 days by removing the 500 ml of media in the lower chamber. Selected
wells were preincubated for 30 min with 20 mM calpeptin in the apical and
basolateral chambers. Untreated controls received equal volume of DMSO.
Monolayers were stimulated with 250 ml heat-killed PAO1 (108 CFU/ml) or
P3C (15 mg/ml) at the apical surface (lower chamber) for 4 hr at 37C. Media
in the basolateral chamber (in the Transwell) containing calpeptin was
removed and 106 neutrophils (in 100 ml) were then added to the basolateral
surface for 2 hr. Simultaneously, calpeptin was added to the apical chamber
to a final concentration of 20 mM to maintain epithelial exposure to inhibitor.
Neutrophils from the apical chamber were collected and centrifuged for
6 min at 1500 rpm at 4C. Supernatant was discarded and the cell pellet
resuspended in 50 mM sodium phosphate buffer, pH 7.0. The cell suspension
was freeze thawed three times and stored at80C until used for myeloperox-
idase assay.
For migration assays in the absence of an epithelial monolayer, 106 calcein-
loaded PMNs were added in fresh DMEM to the top chamber of a 3 mm pore
Transwell coated with MEM containing 0.01 mg/ml fibronectin, 0.03 mg/ml
bovine collagen type I, and 0.1 mg/ml BSA. PMNs were induced to migrate
for 1 hr toward live PAO1 (108 CFU/ml), heat-killed PAO1 (108 CFU/ml), or
the chemoattractant fMLP (10 nM), which were added to the lower chamber
of the tissue culture well in the presence or absence of 20 mM calpeptin. Fluo-
rescence of the migrated PMNs was quantified on a fluorescent plate reader
(Tecan Infinite M200) at Ex 490, Em 515. A standard curve was generated
by counting labeled PMNs on a hemacytometer, serially diluting the cells,
and measuring fluorescence.
Myeloperoxidase Assay
Myeloperoxidase (MPO) activity was measured using the human MPO activity
assay as described by manufacturer (R&D Systems). Briefly, 20 ml of the cell
suspension was added to 30 ml of 0.00667%H2O2 and 50 ml of 100mM guaia-
col in a 96-well plate and the oxidized guaiacol was read on a microplate
reader at 470 nm. PMNs were counted on a hemacytometer, serially diluted,
and analyzed for MPO activity. A standard curve was generated to determine
the number of neutrophils from MPO activity.
Mouse Models of Infection
Seven-day-old C57BL/6 WT or tlr2/ pups (Jackson Laboratory) were intra-
nasally inoculated with 10 ml PAO1 (108 CFU) (Tang et al., 1996). Control
mice received 10 ml of PBS. Mice were pretreated with 20 mg/kg calpeptin
or DMSO in PBS by i.p. route 16 hr and 2 hr before intranasal inoculation,
and a third dose was administered by i.p. route 30 min post infection. Lungs
were harvested 4 hr after infection and cell suspensions used for PMN detec-
tion and immunoblotting. Immunoblots were performed on 10 mg of protein
obtained by lysing lung cells in OGP buffer as described above for 1HAEo-
cells. Adult C57BL/6 WT mice (Charles River Laboratories) were anesthetized
with ketamine/xylazine and intranasally inoculated with 25 ml PAO1 (109 CFU)
or PBS. Mice were pretreated with 20 mg/kg calpeptin or DMSO in PBS by i.p.
route 2 hr and immediately before intranasal inoculation. BAL was obtained,
and lungs were harvested 2 hr after infection and used for PMN detection,
determination of bacterial CFU/ml, and KC protein levels. Animal experiments
were performed in accordance with the guidelines of the IACUC at Columbia
University (protocol number AAAA5999).
Neutrophil Detection
BAL or lung-cell suspensions were double stained with phycoerythrin (PE)-
labeled anti-CD45 (to detect leukocytes) and fluorescein isothiocyanate
(FITC)-labeled anti-Ly6C/Ly6G antibodies (to detect neutrophils) (BD Pharmin-
gen) and analyzed by flow cytometry with a FACSCalibur using CellQuest
software (Becton Dickinson) (Gomez et al., 2004). Irrelevant isotype-matched
antibodies were used as a control. Cells were gated on the basis of their
forward scatter and side scatter profiles and analyzed for double expression
of CD45 and Ly6C/Ly6G.Inc.
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For KC mRNA quantification, the upper right quadrant of the mouse lungs was
obtained and stored in RNAlater (QIAGEN). RNA was isolated using the
QIAGEN RNeasy Mini Kit. cDNA was made from 1 mg RNA using the iScript
Synthesis Kit (Bio-Rad). For quantitative real-time PCR, amplification was
done in an Applied Biosystems Step One Plus using the Power SYBR Green
Master Mix (Applied Biosystems). Primers used for KC amplification were 50-
CCGCGCCTATCGCCAATGAGCTGCGC-30 and 50-CTTGGGGACACCTTTT
AGCATCTTTTGG-30, and 35 cycles were run with denaturing at 95C for 8 s,
amplification at 56C for 10 s, and extension at 72C for 12 s. Actin was ampli-
fied on each individual sample and used as control for standardization. Primers
used for actin amplification were 50-GTGGGGCGCCCCAGGCACCA-30 and
50-CGGTTGGCCTTGGGGTTCAGGGGGG-30, and 35 cycles were run with
denaturing at 95C for 8 s, amplification at 63C for 10 s, and extension at
72C for 12 s. KC protein levels in BAL were determined by ELISA according
to the manufacturer’s instructions (R&D Systems).
Statistical Analysis
Samples with normal distribution were analyzed by Student’s t test. Mouse
samples that did not follow normal distribution were compared using the
nonparametric Mann-Whitney test. Differences between groups were consid-
ered significant at p < 0.05. Statistical analysis was determined using Graph-
Pad InStat version 3.0 (GraphPad).
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and four
figures and can be found online at http://www.cell.com/cellhostandmicrobe/
supplemental/S1931-3128(08)00399-5.
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